Abstract: Subwavelength energy transportation along a dielectric nanoparticle chain in a metal slot is investigated. It is demonstrated that subwavelength resonance modes with nanoscale confinement could be well achieved in the proposed waveguide, free from the demanding requirement of an ultralarge dielectric constant for a traditional dielectric nanoparticle waveguide (DNPW). In addition, the proposed waveguide exhibits the lowest attenuation factor in visible region and near-infrared region when compared with its counterparts including a traditional DNPW, a metal nanoparticle waveguide without/in metal slot, and a metal slot. The proposed mechanism of energy transport in the nanoscale has potential application in broadband and long-distance subwavelength transmission lines for photonic integration circuits (PICs).
Introduction
Guiding light in subwavelength regime is always desirable in photonic integration circuits (PICs). Surface plasmon polaritons (SPPs) have attracted great attention due to its ability to break the diffraction limit and opened the door to manipulating light at nanoscale [1] , [2] . So far, a lot of plasmon waveguides have been proposed, including metal strips [3] - [6] , grooves [7] - [9] , nanoparticles [10] - [12] , nanoshells [13] , [14] , and nanorods [15] . However, as with the strong absorption coefficient of metal, the effective propagation length remains a low value (16.6 m for nanorod [15] , 12.2 m for V-groove [9] , and 0.5 m for nanoparticles [10] ).
To circumvent the obstacle, several other schemes are proposed to reduce the absorption loss and thus extend the propagation length. Among them, the dielectric-loaded plasmon waveguide was proposed and exhibits a longer propagation length [16] . Dielectric wire waveguides were investigated as well, and low-loss energy propagation was verified [17] . Low-loss energy transportation in a dielectric nanoparticle waveguide (DNPW) has been investigated [18] , but the demanding requirement of a dielectric constant larger than 16 is hard to be satisfied and whether metamaterials with such a large dielectric constant are compatible with current CMOS fabrication technology is in doubt.
In this paper, our effort is devoted to the investigation of transporting electromagnetic (EM) energy along a dielectric nanoparticle chain in a metal slot, free from the requirement of large dielectric constant. It has been found that the proposed waveguide enjoys the lowest attenuation factor in the visible region, as well as in the near-infrared region when compared with its counterparts including a DNPW without metal slot, a metal nanoparticle waveguide (MNPW) in/without a metal, and a metal slot. The transverse confinement, on the other hand, is comparable with that of an MNPW without a metal slot. The ultralow attenuation factor, large bandwidth, and the nanoscale confinement enable the proposed waveguide promising in the application of long-wavelength and long-distance energy transportation in PICs.
Theoretical Background and Simulation Method
The basic configuration of the waveguide is shown in Fig. 1 . A 31-dielectric-nanoparticle chain is arranged in a metal slot formed by two semi-infinite metal slabs with a slot width Á ¼ 300 nm. The radius R of a single particle is 50 nm, and the separation d between adjacent nanoparticles is 150 nm. The x -axis polarized electromagnetic TE wave originates from finite in space Gaussian sources positioned at x ¼ 0 plane (shown in Fig. 1) , leaving a separation of L ¼ 200 nm from the center of the first particle. The proposed waveguide could be realized in the following fabrication process. The metal slot is first fabricated above the substrate by cover-lithography and magnetic sputtering. And then, the dielectric nanoparticles are selectively formed in the slot using electro spray process that is reported in [19] .
A series of finite-element method (FEM) calculations are performed to study the characteristics of EM energy transportation in the proposed waveguide. A perfectly matched layer (PML) is implemented to simulate the semi-infiniteness of the two metal slabs. The relative permittivity of silver within the investigated frequency range is taken from the book by Johnson and Christy [20] , while for the dielectric material, the permittivity is set to be 9, free from an imaginary part under the assumption that absorption loss of dielectric is negligible. In addition, a probe is employed to detect the local field between the first two nanoparticles, which will help us to determine resonance modes in the proposed waveguide. According to [18] , some conditions are required for the occurrence of subwavelength resonance in dielectric nanoparticles. Apart from the basic conditions including a sufficient small interparticle separation to allow for efficient energy transfer [2] , [10] , [12] and conditions for the occurrence of Mie scattering theory [21] , the most critical condition is an imaginary value of the wave vector normal to the propagation direction. This is to ensure that a suppressed radiation loss is achieved. For a DNPW free from the metal slot, material with an ultralarge relative permittivity (typically larger than 16) is needed to achieve an imaginary transverse wave vector [18] . However, as with the fact that materials with such a large relative permittivity are hardly to be acquired and its compatibility with the current CMOS technology is in doubt, the proposal is somewhat unrealistic. We thus arrange a semi-infinite metal slab in each side of a DNPW to enable the transverse wave vector to be an imaginary value. This is achieved by taking advantage of the large real part of metal's permittivity. Then, the restriction imposed on subwavelength resonance in DNPW is completely eliminated in the proposed waveguide. This is verified by the fact that a DNPW in metal slot with a dielectric constant as small as nine may well support subwavelength resonance modes, which would be shown in the following discussion.
Results and Discussions

EM Response
By carefully analyzing the local electric field in the probe point, resonance modes of the proposed waveguide, as well as a metal slot, a DNPW without a metal slot, and an MNPW in/without metal slot are determined, as shown in Fig. 2 . The metal materials for all the aforementioned waveguide are set as silver, and the relative permittivity for the dielectric nanoparticles in all these waveguides are set as nine. The basic geometrical parameters are the same with those in Fig. 1(c) . We can see that the DNPW without metal slot shows strong resonance modes in the visible region and the metal slot shows strong resonance modes in the near-infrared region. The mode behavior of metal slot is rather similar to that reported in [22] , which verifies the accurateness of the simulation method. As expected, strong resonance modes in visible region, as well as in the near-infrared regions, occur in the proposed waveguide that is the combination of a metal slot and a traditional DNPW. As for an MNPW without metal slot, a narrow bandwidth surrounding a central frequency near the visible region occurs, same as reported in [1] . This is due to the fact that the resonance frequency of a nanometric solid silver sphere is fixed about 380 nm (as long as the size is much smaller than the wavelength), dependent of particle size [12] . The MNPW in metal slot, however, exhibits an Fig. 2 . Detected local electric field vs. frequency at the probe point between the first two nanoparticles in a DNPW in metal slot (dark curve), a DNPW without metal slot (red curve), a metal slot (blue curve), an MNPW in metal slot (pink curve), and an MNPW without metal slot (green curve). Each nanoparticle chain consists of 31 nanoparticles. Individual curves are vertically offset by 1 from one another for clarity. The five insets at the right of the spectra illustrate the waveguide structures for the five corresponding curves.
ultranarrow bandwidth around 1500 nm. The ultralarge imaginary part of silver's relative permittivity at short wavelength, indicating a large metal absorption loss, is responsible for the absence of resonance modes in visible region. The presence of large frequency band from the near-infrared region far to the visible region enables the proposed waveguide (a DNPW in a metal slot) to be more advantageous in the application of broadband energy transportation in PICs, when compared with the DNPW without metal slot, an MNPW in/without metal slot, or a metal slot.
Attenuation Factor
We then give the attenuation spectra of a DNPW in/without metal slot, an MNPW in/without metal slot, and a metal slot in Fig. 3 . The results are obtained from the comparison of intensity integrated over the input plane (positioned at the front end of the waveguide) and output plane (positioned at the back end of the waveguide). Both in the input and output planes time averaged Poynting vector lengths are integrated. In the input plane, the incident filed and that reflected from the input section are taken into account. In the output plane, integration includes only the transmitted field. Here, we define two propagation bands within which the attenuation factor of a DNPW in a metal slot is lower than 1 dB=m: Region 1 that is around 400 nm in the visible region and region 2 that is in the nearinfrared region. We could see that the proposed waveguide enjoys the lowest attenuation factor in either the two regions. In visible region, an attenuation factor as small as 0.01 dB=m that corresponds to an effective propagation length (defined as the distance a mode travels before decaying to e À1 of its original power [23] ) of more than 430 m is achieved, while in the near-infrared region, the attenuation factor varies from 0.1 dB=m to 1 dB=m, which corresponds to a propagation length of 4.3 m to 43 m. The reasons for the ultralow attenuation factor of the proposed waveguide in these two regions are presented as follows.
i) Region 1. In this regime, the metal absorption loss is dominated, which is corroborated by the fact that the attenuation factor of metal slot is well around 10 dB=m that is much larger than that of a DNPW without metal slot. The large absorption loss is due to the fact that the fraction of the modal power in the metal increases at shorter wavelengths and also due to increased material losses of metals at shorter wavelengths [22] . Then, the introduction of dielectric nanoparticles in the proposed waveguide system causes the modal power to concentrate around the nanoparticles instead of near the metal and thus decreases the fraction of modal power in metal. As a result, the loss for the proposed waveguide system is decreased significantly. ii) Region 2. In this regime, since the imaginary part of silver's relative permittivity and the fraction of modal power in metal are both relatively small, the metal absorption loss is no longer a Fig. 3 . Attenuation spectra of a DNPW in metal slot (black curve), a DNPW without metal slot (red curve), a metal slot (blue curve), an MNPW in metal slot (pink curve), and an MNPW without metal slot (green curve). Each nanoparticle chain consists of 31 nanoparticles.
major constraint for the proposed waveguide. Radiation loss of dielectric nanoparticles, however, becomes a major constraint. This is due to the fact that, for a long wavelength, the transverse wave vector can no longer be an imaginary value, indicating a large radiation loss [18] . Then, the introduction of metal slot in the proposed waveguide system forces the transverse wave vector to be imaginary because of the large relative permittivity of silver and thus suppresses the radiation loss considerably. The suppressed radiation loss, along with the decreased metal absorption loss caused by the interaction between the metal slot and the dielectric nanoparticles as mentioned in i), enables the attenuation factor of the proposed waveguide lower than that of either a DNPW or a metal slot.
Dispersion Relation
The dispersion relation for the proposed waveguide and the normalized group velocity in the corresponding frequency range is shown in Fig. 4(a) and (b) , respectively. In our simulation, the E field distribution along the waveguide is analyzed to determine the wave vector of the propagation mode. With increasing wave vector k, the frequency approaches a constant and the slope of curve decreases, indicating a decrease of the group velocity. The simulated dispersion curve is rather similar to the behavior of SPPs propagating along metal wires at optical and terahertz range [24] , which demonstrates its SPPs' nature.
In addition, we could see from Fig. 4(b) that, in the visible range (around 400 nm), the group velocity is around 0.35c that is close to light speed, ensuring the fast data transporting capability required by the nanoscale integration circuits. The group velocity in the proposed waveguide is slightly larger than that of a DNPW without metal slot (equivalent to about 0.3c) that is reported in [18] . This is due to the fact that, in DNPW without metal slot, a ultralarge relative permittivity of dielectric (around 16 [18] ) is required to ensure a low radiation loss, while in a DNPW in metal slot, a smaller relative permittivity of dielectric is allowed (nine for the proposed waveguide), indicating a larger group velocity. Furthermore, in near-infrared region, the group velocity is much closer to light speed and is capable of larger transmission capability.
Transverse Mode Distribution
In order to demonstrate the subwavelength confinement of energy transport in the proposed waveguide, we give the electric-field intensity pattern at the working frequency in the visible as well as the near-infrared region (shown in Fig. 5 ). Besides, for the convenience of comparison, E pattern for an MNPW without a metal slot is shown as well (see Fig. 6 ). Fig. 5(a) and (c) illustrates the electric-field patterns of the DNPW in metal slot at ¼ 430 nm and ¼ 980 nm, respectively. normalized to the maximum value on each curve, curves at different positions degenerate into a single curve, indicating a uniform transverse confinement throughout the waveguide. The full width at half-maximum (FWHM) of the E pattern is measured as 100 nm and 160 nm, comparable with the 120-nm FWHM in MNPW without metal slot [see Fig. 6(c) ]. The fact that the resonance wavelength in the host medium is several times larger than the particle size or FWHM undoubtedly verifies its physical nature of subwavelength resonance [10] , [18] .
Influence of Slot Width
Finally, the influence of slot width on the attenuation spectrum is investigated. It is found that there exists a nonmonolithic relationship between the bandwidth in the near-infrared region and the slot width (shown in Fig. 7) . Here, the bandwidth is defined as a wavelength range within which the attenuation factor is less than 3 dB=m. While the slot width is small, absorption loss from metal slabs is dominant, and the resonance mode behaves more like a plasmon mode. Bandwidth will become larger on increasing slot width due to the decrease of metal absorption loss. However, when the slot width is larger than a cutoff value typically larger than 300 nm (red curve with circle in Fig. 8 ), radiation loss instead of absorption loss is predominant and the resonance mode behaves more like a dielectric mode. The bandwidth will, in turn, become narrower on continuing increasing the slot width and will eventually disappear when the slot width is infinite, equivalent to the situation free from metal slot (green dash-dotted curve in Fig. 7) . A similar nonmonolithic relationship between the bandwidth in the visible region and the slot width is observed as well (black curve with square in Fig. 8) . However, the bandwidth begins to shrink after the slot width reaching the cutoff point of a lower value (approximately 225 nm). The difference mainly comes from the more compact spatial pattern of guiding light in the visible region [shown in Fig. 5(a) ].
Conclusion
In conclusion, subwavelength energy transportation along a dielectric nanoparticle chain in a metal slot has been analyzed. Our results reveal that subwavelength resonance modes could be well supported in the proposed waveguide with a dielectric constant of nine, free from the demanding requirement of an ultralarge dielectric constant for a traditional DNPW. Furthermore, the proposed waveguide exhibits the lowest attenuation factor in the visible region and near-infrared region when compared with metal slot, a DNPW without a metal slot, and an MNPW in/without a metal slot. The FWHM of the proposed waveguide, on the other hand, is comparable with that of the MNPW. The proposed novel mechanism of energy transport in the nanoscale has potential applications in subwavelength transmission lines for a wide range of integrated optical devices including subwavelength optical waveguides, fast optoelectronic switches, and transducers.
